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SPACE REACTORS - WHAY IS A KILOGRAM?

David Buden, Los Alamos Wational Laboratory
Josepn Anjelo, Jr., Florida Insitiute of Technology
pavid Ek, Air Force Weapons Laboratory
susan Voss, Air Force Weapons Laboratory

ABSTRACT

The use of nuclear electric pro-
pulsion can triple the payloads to GLO
for a single Shuttle Jlaunch. Life
orbits of 300 yaars can be used to
allow most of the fission and activa-
tion products to decay before a reac-
tor reenters the biosphere. Enough
radioactive materfals remain with very
long 1ifetimes to make it desirable to
design the reactor to disperse upon
reentry and 1ittle additional risk to
the biosphere i1s 1introducecd by finftia-
ting NEP operations from 300 km.

SUMMARY

Technology options should be mea-
sured against a full range of require-
ments.

Mass and specific mass ire often
used as initial screening parameters
to differentiate between various pos-
sible power opticns. Based on a sin-
gle Shuttle per satellite, the power
plant size for advanced solu«r arrays
with energy storage devices {s pro-
jected to be 160 kWe for low Earth
orbit compared to 20 kWe for geosyn-
chronous orbit; for nuclear reactor
power systems the comparison 13 many
megawatts versus 100 kWe (Shuttle
packagiug limitations have been neg-
lected in all cases).

A signific.nt criterion for the
selection of a power system for high
Earth orbits, such as geosynchronous,
coul¢ be the orbit transfer system
assoctfated with the power source.
Electrical propulsion orbit transfer
vehicles transfer Tlarger peayloads to
geosynchronous orbft than chemical
rockets, but transit time 13 measured
in months 1{instead of hours. Several
hundred kilowatts-electr ¢, a Jlevel
obtainable with nuclear power plants,
reducus the transit times to 13-4
months,

Rajfation 1avels for multimegawatt
thermal nuclear reactor designs for
300-y orbit lifetimes are examined.
The amount of residual longlife radio-
active products seems sufficient to
require dispersal on atmospheric re-
entry.

Restrictions on inftial orbits for
nuclear orbital transfer vehicles can
reduce the final payload by 40-50%.
Radiation levels are a function of the
operating time. For a possihle abort
situation prior to achieving a 300-y
orbit 11fetime, factoring in operating
times, the need for vresirictions s
questionable. This {is especially true
if one uses eiectric propulsion with a
specific 1impulse of 1000 s and oower
levels of 300 kWe.

Shielding to protect personnel
must be provided for nuclear reactors
in space stations. The shi2ld mass
can range from a few thousand kilo-
grams for a reactor on long tethers or
free flyers to 50,000 kilograms for a
centrally located reactur. Several
approaches are feasible within Shuttle
constraints.

MASS AND SPECIFIC MASS

Mass is the common parameter uscd
to compare power systems for use {n
space (Fiy, 1), The kilogram unit of
mass s definced to be a cylinder of
platinum-tridium altloy, which 1s pre-
served {in a vault at Sevres, france,
by the International Bureau of Weights
and Measures.{)) The nmnass compa;ison
implies an assumption that & given
launch vehicle 1is used to deliver a
spacecraft to a desired orbit and
thus, a kflogram of one power source
has the same value asx & kilogram of
another power source, Yolume  bay
limitations of the launch vehicle, the
Shuttle, are neglected in this as-
sumption.



Fig. 1. What §s a Kilogram?

Fig. 2 provides first-order com-
parisons of the mass of solar photo-
voltaics with energy storage (current
and 1improved), solar dynamics, and
nuclear power (including an electro-
nics protection shield) as a function
of power level, Solar systems tend to
be proportional with power level be-
cause as power leve changes, the
quantity of soler panels or concentra-
tors change as well as the storage
elements, There 1{s some nonpropor-
tionality {n structures and 1{n the
solar dynamic systems {in the conver-
sion equipment, but these tend to be
secondary effects, The mass of nu-
clear systems, on the other hand, is
nut proportional to power produced
becaute a certain size reactor s
needetc to fcrm 8 critical cc figura-
tion but mall dipcremental changes
resul’ 1in large power {increases (in-
Creas ng reactor mass 40% will double
power output), shieiding 1s an expo-
nential function of thickness (doub-
1ing reactor power leads to about a
33% increase in mass), and thermo-
electric conversion tends to be linear
with power but dynamic electric con-
varters are not. One shoulu not use a
mass comparison at one point to draw
conclusions at other power lavels.
The comparison shows that nuclear s
significantly less massive as power
levels increase.

Since the Shuttle {8 projected to
be the principal U.S. launch vehicle
through this century, we will use 1t
in our analysis of transport to low
Earth orpit (LEO). Allowing 15% for
packaging fn the Shuttle bay, the ini-
tial spscecraft mass avatlable s

25,000 kg. Based on using 100% of the
Shuttle capacity for transfering a
power source to a 300-km orbit and
disregarding packaging limitations, we
could transport a 90-kWe solar photo-
voltaic system with improved technolo-
gy, a 36C-kWe solar dynamic system and
a multimegawatts nuclear system.
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Fig. 2. Comparison Of DPower Plant
Mass As A Function Of Power
Level,

Comparisons at geosynchronous
Earth orbit (GEO) are very interest-
ing. Using as a reference the Shuttle
/Centaur transportation system, if
half the spacecraft 1s power supply,
then the power supply can have a mass
of 3000 kg (see Fig. 3)., Within the
Ju00-kg constraint, power levels 1in
GEO will be about 10 kWe for current
solar photevoltafc systems; 20 for
fmproved solar photovoltafc systems;
40 for solar dynamic systems and 100
for nuclear systems. Table I compares
thesc values with those for LEO. No-
tice the significant reductifon in to-
tal power, ax much as a factor of 9
difference., MWe will continue our com-
parisons 1in the section for nuclear
:lectric propulsfon (NEP) orbit trans-

er,



TABLE 1

COMPARISON OF PEAK POWER AS A FUNCTION OF TECHNOLOGY

(NFGLECTING PACKAGING CONSTRAINTS) - FILOMATTS-ELECTRICAL

Lo 1]
Solsr Photovoitaics (Current) 90 10
Solar Fhotovolisics (Improved) 155 20
Solar Dynamic 360 40
Nuclear Many MW 100

Another way to evaluate power sy-
stems 1s to use specific mass, The
specific mass (kg/kWe) fs the ratio of
the mass (kg) to power (kWe). Repre-
sentative vaiues are shown in Fig. 4.
The nuclear values change significant-
ly with power 1level decreasing from
tround 70 kg/kWe for 25 kWe to 20 kg/
kWe for 300 kWe. Selecting any single
value as representative for nuclear
pover systems would be misleading.
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ORBIY TRANSFER FROM LEO TO GEO

Future orbit transfer missions can
be performed by a variety of stages.
Because of the maturity and known ca-

abilities of the Centaur, this will
e used as a representative chemical
stage. Typircal electric propuision
devicvs are given {in Table II. Using
nurlear pover for the energy source,

performance curves for nuclear elec-
tric propulsion (NEP) are plotted see
Fig. 5. The power plant can be consi-
dered as part of the NEP stage if it
is only for orbit transfer, part of
the payload if it requires the power
to be there anyway, or both 1if the
payload needs a lesser amount of
power, Approximately 19,000-kg pay-
load can be delivered to GEO in a 120
day transit time,.
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Now, one has an interesting book-
keeping problem. It the Shuttle/
Centaur 1s used as our reference con-
figuration, we can construct a chart
1ike Table IIlI. For Shuttle/Centaur,
the maximum spacecraft mass is about
6,000 kg to GEO. Assuming half the
spacecraft mass s assigned to the
power system and that a solar dynamic
system 1{s wused to vrepresent future
solar power technology, one could de-
ploy a 40-kWe power system. This
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Fig. 5. Shuttle/Nuclear Electric Propulsion To GEO

leaves 2 balance-of-payload of 3000
kg. Using a 300C-kWe power system for
NEP in order to reduce transit times
from LEO to GEO to 120 days and as-
suming the power source will be used
by and charged to the payload, the
payload is 19,000 kg. 1f, however,
the payload dnes not need that much
power, we may substract off this mass
giving us a balance-of-payload of
13,000 kg. Finolly, {f th> spacecraft
needs 40 kWe Tor the payload {the
amount & solar dynamic system was com-
puted to be able to deliver), we can
charge the equivalent nuclear power
plant mass to the spacecratt and the
balance to the propulsion system. The
paylvad balance fs 15,000 kg. The
latter payload fs 5 times the payload
in a spacecraft contafning a sodar
dynamic power system delivered by .
Shuttle/Centaur transportation ve-
hicle, Using the Shuttle/Centaur as a
referencc and the power plant and NEF
as changes from that reference, our
power plant bookkeeping has ncgative
mass values -16,000, -i0,000, ~$2.000
kg, depending on the case as-cumed.

RADIATION LEVELS AFTER 300 YEAR
ORBIT LIFETIMES

Safety concerns are a major factor
in design and operation of reactors
for space power. To protect the
Earth's population against undue risk,
radiation levels at the time of a nu-
clear reactor reentering the Earth's
atmosphere should be low. Must fis-
sfon products decay away, f{ff the
operating lifetime of a satellite in
orbit is sufficiently long. A
long-1ived, high orbit s defined f{n
the reactor safety specification (2)
as an orbit at an altitude of 300 or

more years. We will examine the
radiatfon levels at the end of a 300-y
orbit.

Fig. 6 plots the radioactivity for
a 2-MWL reactor as a function of oper-
ating times; Fig. 7 plots the ortital
lifetimes as a function eof altitude.
A cylindrical reactor reentering the
atmosphere would fall near the wupper
curvet; & space statfon would fal)
near the lower curves,



“TABLE Il
ACCOUNTING FOR WUCLEAR POWER PLANT

Power supply (kue) o (W) 300 300 300
Batance-of-payload {kg) 3000 19,000 13,000 15,000
Transit time (days) 1/4 120 120 120

Comparison of payloads
using Shuttie/Centaur
as reference lxg) -16,000 -10,000 12,000

*pp = power plant

(1) Solar-dynamics

{2) Astumes spacecraft Tong-term power need in 40 kiie and nuclesr
powerplant mass s 2000 kg

(3) 300 kiWe mass used = $000 kg.

Absorption of fissfon products by
the human body 1{s characterized by
their interactions. There are “bone-
seekers" (Sr, Y, Zr, Nb, Ba, La, Pr,
Nd, Pm), “thyroid-seekers® (1,
"kidney-seekers” (Ru), and those pre-
ferentially absorbed in muscle tissues
{Cs, Ba). £Each isotope has a differ-
ent probable body residence time
(biological half-14fe) and different
pathways 1in the b’ _sphere that can
lead to human ingestion or 1nhala-
tion. The amount of damage done to
tis ues and cells depends on such fac-
tors as the residence time and the
type and energy of {onizing radiation
emitted.

Inventories of the various classes
of fission products at the point of
shutdown, 10 years later, and after
300 years have been calculated (See
Table IV for a summary) usfing the
Origen code, The results are based on
& reactor power level of 2000 kWt and
¢ 7-y operation time. The calcula-
tions show that {1f the reactor re-
enters the biosophere after 300 years
in orbit (this corresponds to around a
750-kilometer fnitial orbit), the fis-
sion product activity has been reduced
from approximately 10+ C3 to under
100 Cf., At that time the hioloyfcoal
radicactive elements that might bhe
absorbed by the human body have de-
cayed to low levels consisiing ?s;n\y
of 30 C(t of muscleseekers | s,
?a}f—!1fe 30 y and {ts daughter

mBa, hnlflifb 2.6 m) and 21 Ci{ of
bone-seekers (90sr, half-11fe 27.7 y
and tts daughter, 90yr, half-11fe 64
h. Thyroid &nd kidney-seekers are
negligible 300 y after reactor
shutdown.
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Actinides are another source of
radiatfon. Their quantity 1is propor-
tional to the operating time, fuel
enrfchment and reactor spectrum. The
dominant actinide {3 39y, which
has & half-1ife of 24,390 y. At low
thermal power and operating times the
actinige levels are very small; but at
iwo megawatt-thermal power operating
for seven years, they represent n four
Curfe raiiation source.



Certain designs may usc materials
that are activated while in *“he reac-
tor, such as Nb-1Zr-0.1C fuel clad-
ding. Their presence can result in
the generation of additional 1long-
1ived radioactive 1{sotopes. For the
reactor in reference 3, activation of
the fuel cladding results in an in-
crease of 22 Ci at the end of 300 y
because 94Nb 1is generated (halflife
of 2 x 104 y).

TABLE IV
RADIOLOGICAL ACTIVITY LEVELS FOR 2-Mwt

7 = YEAR OPERATICN 7AST REACTOR (CURIES)

Fisaton Products (s, %%, 9.9 x10®  sax10® 92 4
13, 137w, 151 ‘
9% I
Structure (7 Nb} 2 22 22 co 1
Actinsdes (23%py) 5.9 5.7 “ “ l
6 4 |
TOTAL 9.9 % 10 saax 10t e 28

The total dose level after 300 y
ts 118 Cci. It is derived mainly from
long-1ived 1isotopes. 1f the orbit
time is fncreased to 600 y, the dose
level decreases te 34 Ci and 2000 y to
28 Ci.

safety standards are given in
terms of roentger cquivalent man
(rem). An approximate relationship

between decay rate, represented by 2
radiocactive source of 3.7 x 1010
disintegrations per second, a curie,
and dose rate, is provided by the fol-
lowing equation: (4)

Dose rate in roentgen r at distance R

cm from curie from curie source =
5.2x106 CE/RZ mr/hr ()
where the energy E is in Mev.

The assumptions in the above
equation are f1) the radiation con-
sists of gamma rays; (2) there is an
average photon energy level: (3!
there 1{is a point source; and (4)
there 1s negligible attenuation of
radiation by the afir.

If absorbing material exists be-
tween the source and the region where
the radiation dose rate is being cal-
culated. equation (1) becomes:

bose rute roentgen r at distance R
cm from C curie source with x cm
absorber

= 5,2x106 CEe-px/R2 (2)

where u {is the attenuation coefi-
cient of cm-1 places between the
source and point a7 which the dose
rate is being calculated.

A typical value for E for a fast
reactor 1is 0.65 Mev. HRadiation dose
levels are usually specified 10 m from
the source. (5) Using equation (1)
and neglecting any reflector attenua-
tion, a 118-C1 source §s approximately
equal to 400 mr/hr. Further assump-
tions are necessary to convert this
dose rate to roentgen equivalent man,.
Assuming a quality factor of 1, a per-
son at 10-m distance from the reactor
would vreceive his maximum allowable
yearly dose 1in less than a day. A
number «f estimates are 1included 1in
this calculation; however, it does
indicate that design and/or operatio-
nal features necds to be included in
space reactor power systems to avoid
potentially high exposure rates t> the
population. Fragmenting the reactor
into large pieces or dispersal 1into
snall particles are desirable design
solutions. The mechenisms should be
passive, utilizing atmospheric reertry
forces.

ORBIT TRANSIT INITIATION BELOW
3G0-YEAR ORBIT

To avoid payioad penalities with
the Shuttle, one would prefer an 1ni-
tial operational orbit at about 300
km. An orhit of 300 y (about 750 km)
can be reached by adding 2 Orbital
Maneuvering Systems (OMS) (fig. 8).
However, this results in a 50% payload
reduction. Safety questions &ssoci-
ated with starting at 300-km altitude
relate to: (1) The quantity of addi-
tional fisston products present at
reentry 1f an abort occurs prior to
reaching a 300-y orbit; (2) the
biologicel hazards of those fission
products; and (3) whether the
spacecraft can be powered 1into the
atmosphere. The last condition can be
svoided by 1{ndependent and redundant
co~tr2ls and communications to the



thrusters and power supply to 1insure
NEP cut off {if the spacecraft direc-
tion {s wrong. The first two ques-
tions will be addressed.
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Starting with the equation for
electric propulsion efficiency:

€= gTisp/2p {3)
where € = tota)l system efficiency;
g = 9.8 m/s2; T = thrust (N);
Igp = specific 1impluse (s); and
p = total system power (We).
Rearranging (3):

T/P = 2€/glsp (4)
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Fig. 9. Transit Time From 300-1000
kM On Trips to GEO.

For fixed power levels, lower values
of Igp results 1in higher thrust
levels, The higher the thrust levels,
the shorter the transic¢ time and time
below a 300-y orbit. Studies of 1000,
3000, and 5000 s specific impluses
behavior confirm this (Fig. 9).
Aborts were assumed at various times
during orbit transfer and the radia-
tion levels compared with a 300-y or-
bit (Table V). It was conciuded that
for a short duration of time the fis-
sfon products could be greater thean
those produced by long-term operation
in a 300-y orbit. For 10C kwe, this
ts several weeks for Igp = 5000 s
specific impluse and it {is about 1 day
for an Igp = 1000 s. The peak tlevel
for 1000 s is about 800 Ci,
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If « more efficient electical con-
versior subsystem 1s sed with the 2-
MW¢ heat source, 300-kWe output
power can be achieved. Higher power
reduces the time where radiation
levels at reentry are above the 300-y
orbit levels following an abort. For
300 kwe, this is less than 1 day for
an Igp = 1000 s and 3.5 days for
I¢p = 5000 s. The radiation levels
are such as to conclude that reactors
designed to disperse on reentyy could
be started on a NEP transfer from be-
Tow the 30N-y orbit with 1ittle addi-
tional safety risk or damage to the
biosphere. The distribution of radio-
active elements at several points 1in
Table V were reviewed. The results
shown in Table V] indicate some build
up in boneseekers above the 7-y refer-
ence but does not change our conclu-
sions.

MANNED SPACE STATION SHIELDING

Shielding is important for nuclear
power plants, especially when thes are
used jin manned systems. Benefits of
nuclear power in a growth space sta-
tion include: (1) elimination o° the
large solar array structures, espe-
cially ¢s power levels d{ncrease; (2)
elimination of lifelimiting storage
devices; (3) simplified operations at
the station; and (4) greater tolerance
to contamination from station efflu-
ents and vehicle thruster exhaust,.
The radiological protection of the
crew fs necessary because (Fig. 10)
the dose levels will be extremely high
unless the reactor 1s separated by a
large distance. The distance to re-
duce gamma raudiation levels to 2 mrem
/hr is about 17 km. Shorter distances

are feasible 1if the reactor 1is en-
Closed in a shield. The reactor may
be shielded in the direction of the
space station only (a shadow shield),
by preferential shielding that en-
closes all sides of the reactor but is
thicker facing the station (a 47
shield) or by an equally effective
shield in all directions (See Fig.
11). The reactor can be placed in the
center of <the statjon, «affset on a
boom, tethered to the station, or on a
freeflyer that is separate from the
station {Fig. 12). Characteristics of

vt CONTOURS tnscmd)

REACTOR THERMAL POWER LEVEL 1 BMwy,
OVER A S$EVEN YEAR OPERATING PERIOD

a———DISTANCE FAOM CORE CENTLR imi—e-

D: CONTOURS (Rod!
NS oy TNt

Radiation Levels Around An
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various configurations are summarized
fn Table VII., Fig. 13 gives represen-
tative shield masses as a function of
separation distance (6). A reactor
located on a 30-m extension boom out-
side the space station will be con-
sidered here. This is a good possible
Jocation for a power plant including
the shield since both can fit within a
single Shuttle, reasonable constraints
are imposed on space station opera-
tions, and maintenance and dicposal
are relatively straightforeward.
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J ! ! TABLE V1
DISYTANCE FROM REACTOR
)
25.000 - Festurea of Reactor Location on Space Stations
Wear Canter of Cravity Configuration (CG)
20.000 M ~
° Beat Attitude Plexibility
} o Allows Full EVA Operatfon
; 15.000 ° Wintmum Power Transmission Line Distances
o 7 5
o o Heavient Shield 740~30 Tannes With 141 Exciuwinn Distance)
2 o Separater Xadisrnr From Reurtor
10.000 — 100m -J
- Boom Configuration
J v Limfced Exclusfon Arex
$.000 - "
000 ° Shield 10-20 Tonnes Depending On Reactor Size And Raom Lenath
/’_——— ) Attitude Limite:ions But Highly Stable Cravity Grauient Yode
— m o Power Transmisiion Lines Longsr Than 0
L 1 | | o ®gdistor Nesr Heat Source
500 1000 1500 2000
POWER (kW,) Features of Remctor Loc. lon on Spac Statfons (Continued)
Hata #O A 1Y
NASA oW Inw
Fig. 13. Manned Shield Mass Tethered Configuirtinn
° Leas Exclusion Area And Reduced Traffic Constrainrs
o Lower Shield Mass
TABLE V1 o Separatea Heat Redectinn Radfatur From Space Station
FISSI0M RADIDACTIVE ELEMENTS ABSORBED It HUMAH BODY (C1)} ° Introduces Gravitaticnal Forces
7 y operation 1.1 d operation 3.5 d operation
300 y orbit 3y orbit 3y omht
Free-"lyer Reactor Conffguration
Bone-sedkers {Sr, Y. 2Ir, Wb, B, L] 4“% .
La, Pr, W4, Pm)
o Reactor In Nuclear Safe Orhit
Tarot d-Seeters {1} 2 o Lighteat Shield
Kiney -Seeters (M) —— . .- o Requires Power Tranamiseion Or Tugs For Final Transport
o Uses Independent Spacecraft Systems
Micle Tiyues (Cs, Ba) 0 " a
TOTAL ALL RADIDACTIVITY ns L] 25

Will the power plant and shield
fit into the Shuttle bay? The dia-
meter of the reactor and 4T shield is

The crew must be protected against aporoximately 3 m and that of the

radiological hazards. Since space Shuttle bay is 4.5 m. The combination
station wembers will be working out- will fit. The mass for a 300 kwWe 1is
side the station housing, exclusion compatible with the Shuttle bay.
Zones or limitations to their freedom Higher power 1leve's require more ef~
to work must be minimized, As seen 1in ficient converters, such as a Stirling
Fig. 14, the volume of space planned cycle; these may be accommodated with-
for manned operations {s very large - out exceeding Shuttle constraints,

large enough to build a 100-m antenna
or structure., A 4T shield minimizes
the timitations tmposed. Such a
snfeld would have a mass of approxi-
mately 15007 kg.



An alternative approach to the
addition of mass that 1s used exciu-
sively for shielding 1s to fill com-
partments with materfals that double
as shielding. Water is an excellent
neutron shield, easily packaged to
fi11 Shuttle trips. One might con-
sider locating water storaye tanks for
manufacturing processes, facilities
uses, etc., bet: n the reactor and
spacecraft and ar und the reactor 1o
make dual use of materials. Other
materials such as segmants of gamma
shields can be transported in sections
and assembled in space--this is a very

REACTOR NEAR SPACE STATION CG

—

REACTOR RADIATOR
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TETHERED REACTOR

RADIATORS

NASA

Fig. 12.

high density material, that does not
occupy much volume. Proper planning
could result in a shield that could be
approached 1in & working environment
within 3 m; this would have a 40,000-
50,000 kilogram mass. A single
Shuttle could be wused to 1initially
insert tha power system in orbit with
the added material supplied from a
stockpile brought up over time or ma-
terjals for cual purposes. ‘The radio-
logical safety of a normally operating
reactor producing hundreds of kilo-
watts (with potential growth into mul-
timegawatt production) 1s a very man-
ageable problem.
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“ONCLUSIONS

Nu:lear power offers many advan-
tages beyond those implied by direct
considcration of mass or specific
mass. Nuclear power systems that wil)
prodiuce tens of kilowatts are lighter
than alternative systems. For contin-
uous p.wer at the hundreds of kilo-
watts and megawatt levels, nuclear
power systems are necessary. The use
of NEP can triple the payloads {(power
supply plus balance-of-payload) to GEOD
for a single Shuttle launch. Or, ex-
amining the balance-of-payload package
separately from the power supplv, a
factor increase of 5 1s obtesinable.
Though 3-4 months are added to the
transfer times from LFO to GEO, the
total mission schedule may not be im-
pacted when one considers that several
Shuttle launches and mati.gs in space
are eliminated.

Exclusion Areas

Around Space

Three-hundred-year life orbits can
be used to allow mosc of the fission
and activation products to decay be-
fore a reactor reenters the bio-
sphere. Enough r--ioactive materials
remain, however, with very long life-
times to make it desiratle to design
the reactor to fragment 1into large
pieces or disperse as small particles
upon reentry. 1f the reactor 1s de-
signed for reentry dispersal, 1little
additional risk to the biosphere s
introduced by 1inftiating NEP opera-
tions from 300-km, especially if a
300-kWe power plant {s used with
1000-s specific impluse electric pro-
pulsion uevices.

Space statfon shielding for nu-
clear reactors 1{s a manageable pro-
blem. One Shuttle can deliver the
reactor and & 4-person-rated shield
with the reactor located at the end of
a boom on a tether or in a fre=flying
configuration, Shielding can be
stockpiled from volume-limited pay-
loads 1f the reactor 1is to he lncated
in the center of the space station,
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